Surprising enhancement of the magnetic moments recently observed in dilute CoMn alloy clusters is explained using ab initio electronic structure calculations. The calculated magnetic moments generally agree with the reported experimental data. An equation for calculating the magnetic moments of the CoMn alloy clusters has been derived to correct the deviations predicted by the rigid-band model and the virtual bound states approximation. A new strategy is proposed to obtain the ground-state structures of the CoMn clusters and it was also put to the test of the experiment. PACS numbers: 36.40.Cg,75.20.Hr,31.15.A-1
I. INTRODUCTION
The exploration of bimetallic transition metal (TM) clusters is emerging as a promise field of research because of the new opportunities they offer for developing magnetic recording devices and cluster-assembled materials with new functions for medical applications 1, 2 .
Although the electronic and magnetic properties of bare TM clusters have been actively studied for several years, however less attention has been paid to their alloys because they represent both an experimental and theoretical challenge. Thus, for experimentalists is very difficult to control the stoichiometry of the alloy clusters using chemical methods, and for theoreticians, the determination of the ground-state geometries becomes a very difficult task, as commented later in the main text. The recent observation of the average magnetic moment enhancement in dilute CoMn alloy clusters 3 that contradicts the bulk behavior has introduced an entirely unexpected dimension on the subfield of magnetic alloy clusters and it could pave the way for future possible applications like, for example, in biomedicine as magnetic sensors. Although the search for the origin of the aforementioned observation has actively stimulated the research on CoMn alloy clusters 3, 4, 5, 6 , however the answer still remains elusive. A possible explanation is based on the assumption that a virtual bound state (VBS) is formed below the highest occupied molecular orbital (HOMO) level and near the Mn site 3 . A VBS can be defined in the potential scattering model as a resonant scattering near impurity atoms in the host which induces a narrow peak in the conduction band density of states (DOS). Originally, the VBS model was developed by Friedel 7 to explain many of the physical properties of bulk magnetic alloys containing dilute magnetic species.
It represents an improvement over the rigid-band (RB) model which is based on the assumption that the s and d bands are rigid in shape as atomic number of the alloy changes 8 . In 
II. METHOD AND STRUCTURAL PROPERTIES
The electronic system consisting in Ω nuclei and η electrons is assumed to be described by the next Hamiltonian, which expressed in second quantization and in the Born-Oppenheimer nonrelativistic approximation reads aŝ
where the Kohn-Sham orbitals (|i ) were expanded into atomic orbitals |i = µ c µi |µ in The search for the global minima of the Co-Mn alloys 20 atom clusters was planned as a multistage strategy combining an unbiased search method i.e., a basin-hopping 14 algorithm, in conjuction with a molecular mechanics method 15 . In the reoptimization procedure of the clusters, we have made use of the Polak-Ribière algorithm 16 without any symmetry constraint and the root-mean-square gradient was set to 10 −4 Kcal/(molÅ). In a first stage of the calculation method, the initial guessed structures of the Co 20 cluster were taken from three different sources, namely, the structures were provided by the GMIN code 14 which uses the basin-hoping algorithm, the existing databases 17 , and proposed by us. After that, they were reoptimized with the HyperChem code 15 with the intention to obtain the ideal candidate to the lowest-energy structure of the Co 20 cluster. The converged guessed structures are illustrated in Fig. 1 and the structural and energetic parameters are reported in Table I . 
and it is vanishingly small because the DOS at the HOMO level Another specific difficulty of alloy clusters is the great number of possibilities they offer to distribute the solute atoms over the sites at a given geometrical arrangement of the atoms. Thus, for example, in the case of Co 10 Mn 10 the number of possible homotops for a Table III . It is also important to comment that the average nearest neighbor distances for the Co-Co, Mn-Mn and Co-Mn bondings are in general very close each other (see Table III ).
This results favor the assumption commented above that the addition of Mn atoms just only alters a little bit the geometry of the ground-state structure of Co 20 cluster. To conclude the structural discussion, and with the aim to show how the Mn atoms diffuse into the Co ones, it is convenient to define an order parameter that is positive and close to 1 when the phase separation or segregation takes place and close to 0 when the mixing or disorder is the main contribution to the arrangement of the Mn atoms in the cluster. The parameter which meets the aforementioned conditions is the chemical order and it is thus defined as
where N i−j represents the number of nearest neighbor i-j bonds (with i=Co and j=Mn).
The values of Γ reported in Table III 
III. RESULTS AND DISCUSSION
The anomalous behavior of the SP curve in Co-Mn alloy clusters compared to the CoMn which is very close to our predicted value of 2.00 µ B .
The negative slope (∼ 6.0 µ B per Mn substitution) of the SP curve for the bulk CoMn alloy, which is in contrast to the cluster behavior, is explained on the basis of the VBS concept 7 , i. e., a resonant scattering of the conduction electrons at the Mn sites which induces a narrow peak above the Fermi level for both spin channels. This point was confirmed by ab initio band structure calculations 24 . In the case of the CoMn alloy clusters, the first attempt to explain the positive slope was also based on the assumption of the existence of a VBS but this time only the majority-spin VBS was conjectured to remain below the HOMO level 3 . However, we can rule out the existence of the VBS and come to the same conclusion if we admit two hypothesis: first, the assumptions of the naive RB model are valid and second, the spin-up d band of the alloy is fully occupied 25 . See, as an example, Fig. 2(a) above. Thus, under these conditions the alloy moment per average atom is given by
where c is the impurity concentration per atom and ∆Z is the atomic number difference of the impurity relative to the host. For Co host doped with Mn impurities, ∆Z = −2 and the slope of the average alloy magnetic moment relative to the host is positive and proportional to 2 µ B , which is relatively close to the experimental value (1.7 µ B ) and our reported result (1.83 µ B ). The VBS approximation can predict successfully the SP curve behavior in most of the TM solid alloys whereas its application to alloy clusters is less reliable because of the lack of a periodic crystalline lattice 26 . Moreover, the VBS and RB model fail to predict the behavior of the SP curve for Mn concentrations greater than 40 % because they are only valid for small concentrations of impurities.
We have derived a formula for the average magnetic moment of CoMn alloys that corrects Eq. (4) and takes into account the antiferromagnetic (AF) coupling between the impurities:
where m and n are the number of Co and Mn atoms in the cluster, respectively and g(n)
is the number of Mn atoms that couple antiferromagnetically with the rest of atoms 27 (see Table IV ). In It is also interesting finally to comment that the non-monotonic decrease of the magnetic moments at the area above 40 % of Mn concentration (see Fig. 5 ) is attributed to the discontinuity of g(n) with the concentration of the Mn impurity. Thus, for example, g(n) is equal to 1 in the range 9 ≤ n ≤ 12. The average magnetic moments of the AF Mn atoms reported in Table IV 
